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PATENT SPECIFICATION 

(21) Application No. 52304/76 (22) Filed 15 Dec. 1976 
(23) Complete Specification Filed 2 Dec. 1977 
(44) Complete Specification Published 12 Aug. 1981 

„„mT.cL. m^um 

'">'"^rUrSrF30« F31 F500 FS08 

F602 

C2C 20Y 229 30Y 360 361 
509 SOY 566 623 65Y 

(72) Inventor: ALWYN PINTO 

(54) ENERGY RECOVERY FROM CHEMICAL PROCESS OFF-GAS 

.-„^ w. TMPPRTAL CHEMICAL INDUSTRIES LIMITED, Imperial Chemical 
^ r- ^ QvJiP IIP a BritiS^ Company do hereby declare the mvention, 
House, MiUbank, Lcndon SWIP 3JF, a method by which it is to be 

(b) passing the reactants over a hydrogenation catalyst; 
(c condensing and separating a liquid product; 

fuel cell; and ^ / s ^s fuel or process feed, 

(f) recycling residual gasjrom the ]uel ce» «> suge ^ ; ammonia synthesis and 

Among the processes ?P«ff'''<=„?i^°'°','^e nrodSrts Ammonia synthesis is especially 

carbon oxide hydrogenations to "0™^,"^ ''S^^^^^^^ "oWe ga'ses and 

suitable because its off-gas ("purge g^ ) coma^^^^^^^ off-gases from carbon 

(usually) methane, and can thus be .^mc ed in a^^^^^ Uquid hydrocarbons or 
oxide hydrogenations, such as methanol synthesis o^^^^^^^ 

oxyeenated hydrocarbons described belov.. 
'^fero^nif^^^^^^^^^ 

irSeNr^ffsy^«^^^^^^^ 

leSng electricity by reacting hydrogen in the purge gas in one or more fuel cells: 

% recycling residual gas from the fuel o;cells to^^^^^^^^^ ^ll^tm ^iTanSe 
%t preLure^or h a^.^^^^^^^^ catalyst outlet and 

temperature •V^'*?:^Sing^^^^ ^-"""^"'^ condensation stage 

m the range -30 to +40 C (''«Pf,X fnvolves a hieh temperature reaction (in the range 700 
The synthesis gas generation usually involves ^ h^n »empeM by stages of carbon 

- nO&'C) of a carBonacepus fuel *«h steam ancVor^^^ 

monoxide shift, carbon dioxide «moval afld final punfl^^^^^^ preferably in the form of 
treatment. Procedures have been de;etoped for r^^^ Y temperature 

steam at 40 - 120 atm. abs..pressure from the h^^^^ ^ is 

'^^A::^^^'^ ^eS- dSThe Uesif ^ -P-^ 
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Jlr.Tft;o'rdioxS'* """f" »>k« »- boa «t »,bo„ 

(g) recycling residual gas from the fuel cell or cells to -tt«o^M oo a i 
The pressure for such a process of methflnAi c.,^i^i fo.stage(a) as fuel or process feed, 
atm abs. and in particular°n fhe ™ 10 ° , ?S'5tm' ihl^^f • 10 • 400 
20 developed syntheses over a copp2r<3n ng citaWs or fso 'Im °f recently 

the older processes over a zincldirom^^te catalit -^^^^^^ " '« « of 20 

processes are respectively 160 - 300^C Ispeci^^^^^^^ ion 17SP^ °:^}^t}J,^'^&'^ ^uch 
in the range 0 - 60°C in the methanol ^^„^f ^ \- ' ^"'^ ^00 - 450°C and typicallv 
25 rr"y,r' ''^'S " -^PerS/?^^^^^^^^^^^ gas geSffi 

25 fuel with steam and/or oxygen, followed when n,.rJ!c?™^K . ' 9 ^ carbonaceous 

carbon oxides ratio is adjufted The Mrogin w carbo^ &f f "^^'^ ^« "y^'^oge" 25 
stoichiometric because this enables the rate of th^ '? "^"1"^ S'^^ter than 

when the fuel contains more than 2 hXeen atomfnl^..^^^^^ reaction to be greater and, 
oxygen, enables the cost of carbon Ss addS hf,^H^^°'Ji^"'' '^^''^^^ ^'hout 
30 to that used in ammonia synthesis e«eDt ?hat in^nn^r Heat recovery is similar 

impracticable to generate high preisSeam hv r^n^ methanol synthesis it is 30 

catalyst: instead, medium pfessCTteam or "'^^T-S synthesis 

recovered from such a gas ^^'^ ^^^^'^ produced if heat is to be 

35 ene'i^y^poVeSjs^^^^^^^^^^^ J peferably treated to effect further 

or synthesis gas generation process an" or bfir/tna^ hot stream m the catalytic process 35 
especially after such heating ^ '^"'"^ '* expansion engine. 

-eraro;'syfe.^T'i7^^^^^^^^ ^t^"'°" ^^'''^ hydrogenation such as 

40 iron-chrome or copper/zinc oxide to invert carK mnno^.H f u i*"" "^^'alyst such as 

It to the fuel cell, f he shift catalyst maXfoKed hTrn f '° P««ng 40 

carbon oxides clean-up (by e.rSnationI r^thte^' ?f removal anS 

oxidesareobjectionable. If desired carbon mn„L^^^^^ ^"^'u'*" ^hich carbon 

oxidation witii oxygen su taK'dfd as arr.rh-f ''X ^'^"i^e catalytic 

45 effected by the usuf 1 liquifflrbents such as ?min« »?i^r '^""r^'' ^^''"i^^^' <:an be 

cuprous aluminium chlo^ride. de^Sg on wK CO 0 CoTr^Mr """^^ " « 
, As an altemat ve to such steps involving '*':^"2 or both should be removed, 

hydrogen can be separated usfn? for exa^^^^^ °' ^ additional purification, 

adsorption or cryog^enic fract on^fon and S to*^ t!e fue"? ZI^^^LT °' 
50 process is used, the carbon oxide or oxides can be rerlri^ni?^^ ^u^" ^ separation 

When the process produces an off-eas rom«!n^^^^ *° methanol synthesfs stage. 50 
can be methanated by the carl4n oxidS orel^nt of r^^'^f"" 1" ^"""^ <l"antity that 
present, it is prepared for reaction in^he LTceH ^ 

hydrogenation catalyst. This procedure k Pcn^oLn P^^t^'^a^ly by reacting it over a 
55 methanol synthesis proce s opKd wfth ex%^s hJLl"J*'''f^ P"'?« « 

gas made by catalytic reaction of steam wfth a n^^I?P"' "^'"8 ^ synthesis 55 

natural gas. In sucJ. a process thfj^u ge z^Tm&rJT'X^-'°'''^°'*^ "''P^^^'ly 
a general methanation catalyst such as suSfn nt? i "^'.f T*"* can be effected over 
and COj are reacted, or over I selecfiv/?f»iKi ''^''u °' ^^''ch event both CO 

60 event CO is reacted 'but not Co! EhanS.5 l^Sl.V^^^T"^ ruthenium, in which 

valuable if the fuel cell is of the tvpe oner/tW^. L ""^ ^as temperature and is thus 60 
down in an expansion engine K aK cinvSnl^'"^^"'."^ °' ' '''^ '° 
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turbines is usually the product of a waste heat boiler in the synthesis gas generation section. 
Part of the major requirement and also of the minor power requirement, such as in pumps 
for air, hydrocarbon feed, boiler feed water and CO2 removal solutions and fans for cooling 
air and combustion gases, have been previously provided by small or condensing turbines, 
5 which are less thermally efficient (about 30%) than pass-out turbines (75 - 80%); "small" c 
means 1 megawatt or less. By the use of the invention minor requirements are provided 
from the electricity generated by the fuel cell and also, if desired, by an engine in which 
passed-out gas is let down from synthesis pressure, and consequently the relatively 
mefficient small turbines are not used. 

10 Many types of fuel cell can be used in the process of the invention. Cells using a liquid 1 q 
acid electrolyte and electrodes not poisoned by carbon oxides are applicable to all 
embodiments of the process. If electrodes poisoned by carbon monoxide such as platinum 
are used it can be removed as described above. Cells employing molten alkali metal 
carbonates as electrolyte are more suitable, because they operate at relatively high 

15 temperatures (e.g. 400 - TOO^C) at which hydrogen-containing gas can be economically 15 
provided from a catalytic process of the types included in the invention: for such a cell the 
gas leaving an ammonia synthesis catalyst or methanated methanol synthesis pass-out gas 
can be used. For hot gases there can be used cells having solid electrolytes, for example 
zirconia/calcia or zirconia/yttria. The high temperature cells have the further advantage of 

20 producing steam as a by-product, which can be used in the process for e.g. heating a 20 
methanol distillation column or for the shift reaction. 

Cells of the type being developed for public utility operation by for example, Pratt and 
Whitney Inc. are especially useful for the process of the invention, being designed for large 
output. The cell output may be used directly or via a pulsing system to give an alternating 

25 current output. A suitable cell system is described by Farns, Energy Dev. IEEE Power 25 
Engineering Society Papers, 1974, 42-46. 

In a useful form of the invention, the gas fed to the fuel cell from a carbon oxide 
hydrogenation process such as methanol synthesis reacts in the cell to give a residual gas 
enriched in carbon oxides, and the residual gas is recycled to the hydrogenation process. 

30 Since the predominant reaction in the fuel cell is oxidation of hydrogen, a residual gas 3Q 
enriched in other components, usually methane, with nitrogen and noble gases in ammonia 
synthesis or carbon oxides in carbon oxide hydrogenations, is produced by the cell. It is 
used as a fuel, suitably for heating a primary reformer, in synthesis gas generation or, if its 
inerts content is not too high, recycled to synthesis gas generation as process feed. 

35 The oxidising component of the fuel cell is most conveniently air. and can be taken from 25 
the compressed air supply already present in the process if it includes a secondary reformer 
or an air-separation plant in its synthesis gas generation section. 

A flowsheet of one preferred form of methanol synthesis process according to the 
invention is shown in the accompanying drawing. 

40 Fresh synthesis gas is fed at point 10 where it mixes with a recycle gas stream from 40 
methanol separator 28. The mixed gas is fed to the synthesis reactor partly cold at quench 
inlets 12 and for the remainder via heat exchanger 14 to the reactor at inlet 16. Reaction 
takes place in catalyst bed 18, the temperature being controlled by cold gas injected at 
quench inlets 12. Hot reacted gas leaving the reactor is divided at 20 mto two streams. One 

45 stream passes through purge gas heater 22 and then through exchanger 24. which is a water 45 
healer providing pressurised not water feed to be used in boilers in synthesis gas generation 
(not shown). The other stream passes through feed gas preheater 14 in which it heats 
synthesis gas to catalyst inlet temperature and is then reunited with the first stream leaving 
water heater 24. The combined reacted gas stream is further cooled in recycle gas heater 26 

50 possibly also in additional coolers not shown, until it reaches the dew point of methanol, 5Q 
and is passed into product separator 28. Aqueous methanol is taken off at the bottom of 
separator 28 and unreacted gas at the top, whence it passes by either of two paths to recycle 
and methanation. On path A, shown by the full hne, it is heated in exchanger 26 and 
divided at point 30A into a recycle stream to point 10 and a purge stream via heater 22 to 

55 the inlet of exchanger 32. On path B, shown by the pecked line, the purge stream is taken at 55 
30B instead of 30A and passed cold to the inlet of exchanger 32. In exchanger 32 the purge 
gas is heated by hot effluent from catalytic methanator 34. The methanated gas leaving 
exchanger 32 is still hot and is passed through turbine 36 in which it is expanded with 
cooling. The turbine effluent is fed to the anode of the fuel cell 38 (which represents a 

60 battery of fuel cells electrically connected in series), in which its hydrogen reacts with 50 
oxygen fed to the cathode at 40. Reaction of the purge gas produces a residual gas depleted 
in hydrogen and enriched in methane, which is withdrawn at 44 and passed to synthesis gas 
generation. If air is the source of oxygen, a gas depleted in oxygen is withdrawn at 46. If the 
fuel cell is of the high temperature type, steam is produced at 48 and passed to the re-boilers 

65 of the methanol distillation section or to boiler feed water heaters. 55 
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Although the flowsheet shows a quench-type reactor, it will be appreciated that it can be 
readily adapted to employ other types of reactor or succession of reactors in a once-through 
system. Furthermore it will be appreciated that variations are possible in the extent of 
heating the purge gas. The use of methanator 34 is preferred because it effects substantial 
5 removal of carbon oxides from the gas as well as increasing its temperature. 5 

Turbine 36 can drive a compressor or pump in the plant directly, but preferably drives an 
electrical generator, thus providing, with fuel cell output 42, part of the power-supply for 
the electrically driven machines of the plant. 

In a plant producing 1000 metric tons per day of methanol by steam reforming natural 
10 gas, removing excess steam by condensation, compressing the dry gas to 90 atm. abs, 10 
pressure and reacting it over a copper-containing catalyst, a purge gas at 35**C with the 
following composition % % is taken at the rate of 1997.3 kg mol/hour: 
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15.1 




N2 + inert gases 


1.98 
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H2O 


0.03 


25 
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0.25 
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dimethyl ether 


0.017 
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It is passed through a supported nickel catalyst 


in a methanator to produce, at an outlet 






temperature of 326'C, 1814.2 kg mol/hour of 


a gas having the composition 




35 


H2O 




35 




8.1 




CH4 


21.9 
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H2 


67.8 


40 




N2 + inert gases 


2.2 





45 (The temperature 326°C is measured at the exit of heater 32). This gas is let down through 45 
turbine 36 to 4 atm abs. pressure, temperature 126X and fed to fuel cell 38. The turbine 
drives a generator producing 3.3 megawatts of electricity. The fuel cell produces 30 
megawatts and also 50 metric tons per hour of low pressure steam. 
NOTE: This power output is that of the process following path B on the flowsheet. 

50 Following path A the temperature of the feed gas entering exchanger 32 would be 50 
conveniently 235'*C and that of the reacted gas entering turbine 36 thus about 526X, so that 
a proportionately higher power output from turbine 36 would be obtained. 
WHAT WE CLAIM IS: 

1. A process of catalytic hydrogenation, which process comprises the stages of 

55 fa) generating a reactant mixture comprising hydrogen and a hydrogenatable material; 55 

(b) passing the reactants over a hydrogenation catalyst; 

(c) condensing and separating a liquid product; 

(d) passing out an ofi-gas comprising hydrogen; 

(e) by recovering energy generating electricity by oxidising hydrogen in the off-gas in a 

60 fuel cell; and 60 

(f) recycling residual gas from the fuel cell to stage (a) as fuel or process feed. 

2. A process according to claim 1 which is ammonia synthesis and includes the stages of 

(a) generating a fresh synthesis gas containing nitrogen and hydrogen; 

(b) reacting the fresh synthesis gas, mixed with a recycle gas to be described, over an 

65 ammonia synthesis catalyst to effect partial conversion to ammonia; 65 
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(c) cooling the catalyst effluent gas, and condensing ammonia from it; 

(d) recyclmg the gas after separating the ammonia and uniting it with fresh synthesis 
gas; 

(e) purging a minor proportion of the gas in order to prevent excessive build-up of the 
5 proportion of unreactive gases therein; 

(f) generating electricity by reacting hydrogen in the purge gas in one or more fuel cells* 
and ' 

(g) recycling residual gas from the fuel cell or cells to stage (a) as fuel or process feed. 

3. A process according to claim 1 which is a carbon oxide hydrogenation and includes 
10 the stages of 

(a) generating a fresh synthesis gas containing hydrogen and either or both or carbon 
monoxide and carbon dioxide; 

(b) reacting a fresh synthesis gas, usually mixed with a recycle gas to be described, over 
a catalyst to effect partial conversion to synthetic hydrogenation products; 

15 fc) cooling the catalyst effluent gas and condensmg products from it; 15 

(d) passing hydrogen-containing gas left over after separating the products to further 
catalytic conversion, such as by recycling it and uniting it with fresh synthesis gas; 

(e) passing gas out of the synthesis system; 

(f) generating electricity by reacting hydrogen in the passed-out gas in one or more fuel 

20 cells; and 20 

(g) recycling residual gas from the fuel cell or cells to stage (a) as fuel or process feed. 

4. A process according to any one of the preceding claims in which the off-gas at 
superatmospheric pressure is heated by heat exchange with a hot stream in the catalytic 
process or synthesis gas generation process. 

25 5. A process according to any one of the preceding claims in which the off-gas is let 25 
down in an expansion engine. 

6. A process according to any one of claims 1 and 3 to 5 which produces an off-gas 
containing also carbon monoxide and which includes the stage of reacting the off-gas with 
steam to convert carbon monoxide to hydrogen before passing it to the fuel cell. 

30 7. A process according to any one of claims 1 and 3 to 5 in which the process is methanol 30 
synthesis operated with excess hydrogen, the purge gas contains hydrogen in excess of the 
quantity that can be methanated by the carbon oxides present in it, and the whole purge is 
methanated before passing it to the fuel cell. 

8. A hydrogenation process according to any one of the preceding claims in which 

35 major mechanical power requirements are provided by pass-out turbines driven by steam 35 
from a waste-heat boiler in a synthesis §as generation section and minor power 
requirements are provided from the electricity generated in the fuel cell. 

9. A process according to any one of the preceding claims in which the fuel cell uses a 
liquid acid electrolyte and electrodes not poisoned by carbon oxides. 

40 10. A process according to any one of claims 1 to 8 in which the fuel cell employs molten 40 
alkali metal carbonates as electrolyte. 

11. A process according to any one of claims 1 to 8 in which the fuel cell is of the high 
temperature type using a solid electrolyte, 
ll A process according to claim 10 or claim 11 in which the fuel cell generates 
45 by-product steam and that steam is used in the process. 45 

13. A methanol synthesis process according to any one of claims 1, 3 to 5 and 8 to 12 so 
far as dependent thereon, in which a gas enriched in carbon oxides is recovered from the 
fuel cell and recycled to the synthesis catalyst. 

14. A catal)[tic process of hydrogenation substantially as described with respect to the 

50 foregoing drawing. 50 

15. Methanol whenever produced by a process according to any one of claims 1 and 3 
to 14. 

J. L. BETON, 

55 Agents for the Applicants. 55 
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